We study indirect detection signals from solar annihilation of dark matter (DM) particles into light right-handed (RH) neutrinos with a mass in a 1 − 5 GeV range. These RH neutrinos can have a sufficiently long lifetime to allow them to decay outside the Sun and their delayed decays can result in a signal in gamma rays from the otherwise 'dark' solar direction, and also a neutrino signal that is not suppressed by the interactions with solar medium. We find that the latest Fermi-LAT and IceCube results place limits on the gamma ray and neutrino signals, respectively. Combined photon and neutrino bounds can constrain the spin-independent DM-nucleon elastic scattering cross section better than direct detection experiments for DM masses from 200 GeV up to several TeV. The bounds on spin-dependent scattering are also much tighter than the strongest limits from direct detection experiments.
I. INTRODUCTION
Signals from dark matter (DM) annihilations inside the Sun [1] have been extensively studied in the context of DM indirect detection searches. DM particles, upon scattering off solar medium, can become gravitationally trapped and start annihilating into standard model (SM) particles after their numbers build up at the center of the Sun. Neutrinos thus produced can escape from the Sun and those with energies above weak scale can be detected by active Cherenkov detectors like IceCube [5] and Antares [2] . Low-energy neutrinos from stopped pionsmay also be used as a probe of DM annihilation inside the Sun [3] . Provided that equilibrium between the capture and annihilation of DM particles inside the Sun is established, the flux of neutrinos is determined by the capture rate [4] . It can therefore be used to constrain the DMnucleon elastic scattering cross section. The bounds thus set are much tighter than those form direct detection experiments for spin-dependent (SD) interactions [5] , while for spin-independent (SI) interactions direct detection experiments, like LUX [6] and PandaX [7] , often set much stronger limits.
DM annihilation inside the Sun may also result in a photon signal in case that it produces relatively longlived intermediates states that can escape from the Sun before decaying. Such a scenario can arise in various new physics models, with the dark photon [8] , secluded [9] , inelastic [10] , boosted [11] , portal [12] DM models as examples. Since the solar direction is dark in high energy cosmic gamma rays, any photonic signal in that direction offers a stringent constraint.
DM particles may annihilate to the right-handed (RH) neutrinos, which in turn decay to the SM particles, at a significant rate in simple extensions of the SM. A minimal and well-motivated example is the supersymmetric extension of the SM that includes a gauged U (1) B−L symmetry [13] (where B and L are baryon number and lepton number respectively). Anomaly cancellation then implies the existence of three RH neutrinos and allows us to write the Dirac and Majorana mass terms for the neutrinos to explain the mass and mixing of the light neutrinos. This model provides two new DM candidates, the lightest neutralino in the B−L sector and the lightest RH sneutrino, both of which may dominantly annihilate into the RH neutrinos. The decay of these RH neutrinos can then lead to interesting indirect detection signals [14] [15] [16] .
RH neutrinos with a mass much below the weak scale undergo three-body decay via off-shell W and Z bosons through their small mixing with the left-handed (LH) neutrinos. For masses in the 1-few GeV range, RH neutrinos produced from solar DM annihilation can readily obtain a long (∼1-10 seconds) lifetime. This implies that a significant fraction of the RH neutrinos can decay outside the Sun, resulting in distinct neutrino and photon signals compared with the usual scenario where DM annihilation produces SM particles inside the Sun. These signals can be used to limit the DM-nucleon elastic scattering cross sections. As we will see, the Fermi-LAT and IceCube data together can constrain the SI cross sections better than direct detection experiments for DM masses in the 200 GeV to 5 TeV range.
In this paper, we adopt a model-independent approach to study the neutrino and photon signals from solar DM annihilation into long-lived RH neutrinos. In Section II, we briefly discuss the case for light RH neutrinos. As we discuss in Section III, depending on its mass, long-lived RH neutrinos can yield characteristic spectra in the neutrino and gamma ray signals. In Section IV, we perform an analysis of the signals at IceCube and Fermi-LAT and obtain constraints in the parameter space consisting of the RH neutrino mass and DM mass. Finally, we conclude the paper and discuss future prospects in Section V.
II. LONG-LIVED RIGHT-HANDED NEUTRINOS
In the simplest case of Type-I seesaw [17] , the RH neutrino N with an arbitrary Majorana mass M N mix with the SM neutrinos through a Yukawa term as follows
where we ignore flavor indices for simplicity. After the Higgs field acquires a vacuum expectation value (vev), the Yukawa term induces a mixing θ ∼ yD M N v between N and the LH neutrino ν. We choose the nominal value for the mixing such that it gives rise to the light neutrino mass m ν :
The mass of each light mass eigenstate m ν receives contributions from mixing with the three RH neutrinos. Hence, for a given RH neutrino, θ may be larger or smaller than the nominal value in above. In the former case, mixings from different RH neutrinos must cancel out to give the right value of m ν . In the latter case, the other RH neutrinos should make the main contribution to m ν . Although the magnitude of M N is often assumed to be much larger than the electroweak scale, some or all of N 's can have a mass around or below the electroweak scale. This, for example, can happen in the split seesaw scenario [18] . Values of M N around the electroweak scale are phenomenologically very interesting as they provide an opportunity for experimental discovery of the RH neutrinos thereby potentially unveiling the mechanism of neutrino mass generation. Masses up to 500 GeV are accessible at the LHC [19] , and the prospect would be even better at a high-energy lepton collider [20] .
RH neutrinos with a mass M N < 5 GeV bring in new possibilities to test them experimentally. They can be searched for in meson decays at B and K factories [21] , fixed target experiments [22] , and the SHiP experiment [23] proposed at CERN. The implications of such light RH neutrinos for the neutrinoless double-beta decay have also been studied [24] . Here we focus on RH neutrinos with a mass in the ∼ 1 − 5 GeV range.
Given the eV [25] or sub-eV [26] scale of current neutrino mass limits, heavy neutrinos of a GeV scale mass would imply a nominal mixing θ ∼ 10 −6 − 10 −5 , see Eq. (2) . Since this mixing is generally small, from now on we use N to denote the heavy mass eigenstate after the mixing.
N can decay into to SM neutrinos and the Higgs via its dominant singlet component, as well as SM gauge bosons and leptons via its small mixing with LH neutrinos. If M N > m H , the Higgs decay channel will dominate 1 . For m W,Z < M N < m H , the gauge boson channels are dominant. In the case that M N < m W,Z , as we consider here, three-body decays via off-shell W and Z bosons will be the main channels 2 . The N decay is then dominated by the weak interaction from its SM lepton component, resulting in the following boosted decay width:
Here
N is the rest frame decay width (up to a phase space factor), M N /M DM is due to the Lorentz boost, and θ is the N − ν mixing. The detailed expression for the partial widths of leptonic and semi-leptonic decay modes of N are given in [27] . After using the nominal value for mixing in Eq. (2), the decay lifetime is found to be:
We discuss the details of calculating τ N for light RH neutrinos in the next Section. In Fig. 1 , we show the N lifetime contours in the M N −M DM plane that correspond to two characteristics decay lengths: the Sun's photosphere R ≈ 700, 000 km, and an 'escape' R ≈ 200, 000 km for neutrinos with less than TeV energy. RH neutrino decays outside the photosphere R give rise to a photon signal. On the other hand, decays happening outside the 200, 000 km radius R produce neutrinos that propagate largely unaffected by interactions with the solar medium, while the associated photons are absorbed. We have checked that neutrinos with energy E ν < ∼ 1 TeV that are produced at distances larger than this experience less than 10% attenuation before completely leaving the Sun (more details on this later on).
The lifetime contours in Fig. 1 are shown for three cases when N mixes dominantly with one of the ν e , ν µ , and ν τ flavors according to Eq. lifetime because of the phase space suppression of the Wmediated decay channel to τ . The first two cases (mixing with ν e and ν µ ) essentially result in the same lifetime as M N m µ . As seen in Fig. 1 , boosted lifetimes of 1 to 10 seconds can be readily obtained for M N of few GeV and M DM ∼ 200 − 5000 GeV. We, however, note that the rest frame lifetimes are in principle much shorter than 1 second. Since RH neutrinos can be produced with a significant abundance in the early universe (and may even reach thermal equilibrium), this ensures that that their decay does not pose any threat to big bang nucleosynthesis (BBN).
III. SIGNALS FROM DELAYED DECAYS
We now study the photon and neutrino signals from solar annihilation of DM into RH neutrinos within the DM mass range shown in Fig. 1 3 . In order to obtain the photon and neutrino spectra, we first implement the ν −N mixing in FeynRules [30] to calculate the major decay modes of light N and their corresponding branching fractions.
The decay is dominated by weak gauge interaction and the largest partial width is taken by virtual W channel, N → lW * , where W * splits into either ν and a charged lepton, or a quark-antiquark pair. N → νZ * has a smaller partial width as Z * due to larger Z mass. We list all the significant modes in Table I . Note that for a light RH neutrino mass, the partial decay widths of N can be kinematically affected by the mass of final state 3 The photon signal from galactic DM annihilation and from dwarf spheroidals for heavier N are discussed in [28, 29] .
particles. Also, since N is a Majorana fermion, it decays into a given final state as well as its CP -conjugate final state at the same rate.
Decay Mode νe mixing case νµ mixing case ντ mixing case
6.5% 6.6% 17.6% N → ν l ν lνl 6.5% 6.6% 17.6%
TABLE I: Decay channels of a 2.5 GeV RH neutrino via its mixing with the SM neutrinos. The partial widths are calculated at tree-level. Depending on the mass of N , not all channels are kinematically allowed. The final column differs because N does not produce various final states that contain a τ . The corrections from hadronization of (qq) system in the hadronic modes are not included.
In the three-body decays of N , the SM neutrinos/leptons take a significant fraction of the total energy. The µ, τ leptons in the final state can further decay into neutrinos. Since N has an energy M DM M N , the charged leptons and neutrinos from N decay acquire large energy due to the Lorentz boost. Neutrinos and photons produced from these energetic leptons (also from the hadronization and shower in semileptonic decays) yield the high energy neutrino and gamma ray signals for indirect searches.
The neutrino signal, due to IceCube detection thresholds and the fact that the neutrino scattering cross section increases with energy, receives most of the contribution from high energy part of the neutrino spectrum. In our case, the 'hard' part of the spectrum is dominated by the neutrinos that directly emerge from the three-body decay of N . Secondary neutrino arise from the charged lepton and pion decays in the final state, but their contribution is subleading due to the much lower energy after several decay steps. We note that the hard part of the spectrum is not suppressed for delayed N decays, unlike the standard scenario where neutrinos from DM annihilation are produced inside the Sun. For DM mass above few hundred GeV, the neutrino signal can be detected by IceCube.
The photon signal has two major components: (1) the charged lepton's bremsstrahlung radiation that yields a soft power-law shaped spectrum, and, (2) the neutral pion decay π 0 → γγ that arises abundantly in final states with a τ and also directly from the N → νZ * decay channel. The bremsstrahlung contribution is mostly determined by a logarithmic dependence on the mass of the leading lepton in energy. As the leading lepton energy spectrum is universal (at least in the kinematically unsuppressed case), the bremsstrahlung strength can be directly inferred from the lepton flavor composition in N −ν mixings. In general, bremsstrahlung produces far fewer energetic photons than pion decay, but dominates the low energy part of the photon spectrum. This is different from angular-momentum restricted processes [31] where energetic internal bremsstrahlung becomes the leading contribution. 
The spectra at the production point of νµ's (top) and photons (bottom) from delayed decay of RH neutrinos produced in DM annihilation. In these plots, MDM = 1 TeV and MN = 2.5 GeV. The spectra are for N mixing with each of the νe, νµ, and ντ flavors.
The neutral pion contribution needs to be addressed more carefully. Apart from the usual energy fragmentation in τ decays that is well implemented in analysis tools, the GeV-scale mass of N itself introduces decay channels like N → l/ν+ pions, where neutral pions can arises directly in the hadronic decays of W * and Z * . Depending on the phase space in the hadronization process, thesystem preferably hadronizes into an angular momentum 1 final state. π 0 can either emerge from a multi-pion final state, or from the decays of excited spin-1 states like ρ, at non-trivial branching fractions. The qγ µ q form-factor of the semileptonic final state must be included and will yield a deviation in the partial decay width from a tree-level calculation (without hadronization), especially at N masses below a few GeV, where QCD is non-perturbative. However, the hadronization modes vary with N mass, and a thorough exploration of the hadronization corrections in N decay would be beyond the scope of the current paper. In our numerical simulation of the prompt photon spectra, we carry out a tree-level decay calculation and rely on the string fragmentation in the PYTHIA8 package8 [32] for the hadronization process. Since the delayed decays of N occur in vacuum, we require all unstable particles, in particular muons and mesons, to fully decay in the final state. The correction to the semileptonic decay branching ratio is not included. Noted that the pion multiplicity in semileptonic N decays can affect the photon spectrum, we made a test at m N = m τ , where N decay is kinematically identical to τ decay, and found the pion multiplicity in semileptonic N decays, in particular the sub-partition into single pion versus that in ρ meson and multi-pion modes, agree very well with those in τ decay within few percent. Admittedly, for other and especially lower N masses, the hadronic N decay width and π 0 multiplicity may have non-negligible corrections. The results are shown in Fig. 2 where the neutrino and gamma ray spectra derive from the delayed decay of N from the annihilation of 1 TeV DM particles. We picked a benchmark point at M N = 2.5 GeV, above the τ mass so that the RH N decay into τ is kinematically allowed for ν τ -N mixing cases. The spectra at the detection point of νµ's (top) and photons (bottom) from delayed decay of RH neutrinos produced in DM annihilation. In these plots, MDM = 1 TeV and MN = 2.5 GeV. For normalization, we assume a total annihilation inside the Sun to be 1.5 × 10 19 per second. The "equal" curves is for the case when N mixing with all of the ne, νµ and ντ flavors equally. The neutrino background is atmospheric neutrinos [34] . The shaded region around the Fermi data shows the uncertainty from Ref. [35] .
In the calculation of the signal flux, we make the assumption that the DM capture and annihilation inside the Sun have reached an equilibrium. For a given σ SD or σ SI , we use DarkSUSY [33] to calculate the minimum annihilation rate σv for equilibrium. Fig. 3 illustrates sample spectra that correspond to σ SI = 8.5 × 10 −45 cm 2 for M DM = 1 TeV, which saturates the latest LUX bound [6] .
As the N decay occurs between the solar center and the Earth, and the source intensity decreases exponentially over distance. The large Lorentz boost along the line-ofsight forces most of the N decay products to fall along the forward direction, pointing away from the Sun. Very soft photons may still deviate away from the line-of-sight direction. We adopt an half-cone radius cut of 1.5
• as given in Fermi-LAT observation on solar disk [35] , and integrate over the decay's source intensity within. We have checked this 1.5
• angular cut sufficiently covers the angular spread for the photon energy in Fermi-LAT's observation range (0.2-200 GeV).
For short boosted lifetime, a fraction of decays may still happen inside the Sun. For gamma rays we take a simple cut at the Sun's photosphere radius R ≈ 700, 000 km, and consider only the decays outside the photosphere contribute to the signal. However, the situation is more complicated for the neutrino signal. Since attenuation of the neutrino flux is energy dependent, the distortion in the energy spectral shape depends on the DM mass, the prompt spectral shape, and the distance inside the solar medium. Due to flavor oscillations, the attenuation effects also differ between different neutrino flavors. Since our focus is on long-lived N that decays mostly outside the Sun, we make an approximate cuts-off at R ≈ 200, 000 km and only include neutrino sources outside this radius, where the neutrino fluxes are considered unattenuated. This selection is based on the fact that at TeV energies and below, the flux of neutrinos produced above this distance is suppressed by less than 10% in the solar medium. This approximation is a reasonable simplification yet it may underestimate the neutrino signal and leads a more conservative constraint for intermediate N decay lengths close to the R ≈ 200, 000 km cut-off. We the calculate the signal spectra for all three flavor- mixing scenarios in ν −N for DM masses between 10 GeV and 5 TeV. Vacuum oscillation is included for neutrino propagation to the Earth, where we used SM neutrino parameters from the latest global fit [36] . See Appendix B for details. As IceCube has angular sensitivity only for muon track-events from the charged-current interaction of ν µ ', the different flavor schemes in N − ν mixing can yield quite different ν µ fluxes both at the source and at the Earth.
A few comments are due on some features in Figs. 2, 3 . First, contrary to what one might expect, it is seen in Fig. 2 that the N − ν τ mixing produces less photons than the N − ν µ and N − ν e mixing cases. The reason is that, as mentioned above, neutral pions that are the dominant source of photon production mainly arise from N → lW * decays. However, the N → τ W * channel is kinematically suppressed relative to N → µW * and N → eW * channels due to the larger value of m τ . On the other hand, this kinematic suppression also results in a smaller total decay rate for N in the case N mainly mixes with ν τ . The longer lifetime of N in this case implies a larger number of decays outside the Sun, and hence a stronger photon signal as seen in Fig. 3 . Second, we observe an oscillatory pattern at energies above few hundred GeV in the neutrino spectra at energies above few hundred GeV at the detection point in Fig. 3 . This is because at such energies neutrino vacuum oscillations due to the solar mass splitting are not averaged out over the ∼ 3, 000, 000 km variation in the Earth-Sun distance within half a year (which the IceCube uses to collect data in the direction of the Sun).
IV. EXPERIMENTAL CONSTRAINTS
Assuming an equilibrium between DM capture and annihilation in the Sun, and using the signal spectra calculations in the previous section, we derive constraints on σ SI and/or σ SD from Fermi-LAT and IceCube limits on the photon and neutrino signals respectively. can achieve the capture-annihilation equilibrium for the scattering cross sections σ SI and σ SD in these results. Details on the photon and neutrino signal flux calculation are discussed in Appendix A and B. The contours for σ SD in Fig. 4 show the spin-dependent scattering cross sections ruled out at 90% C.L. by Fermi-LAT, where the constraint is dominated by the highest energy bin in the solar gamma ray data. Details of fitting is discussed in Appendix A. Here we can make a comparison with the direct detection limit: at each DM mass and its direct detection constraint on scattering crosssection, a m N mass can be obtained where Fermi-LAT constrains to the same cross-section. Below this m N the Fermi-LAT constraint is stronger than that from direct detection (at the same DM mass). This is shown by the boundary of the shaded regions, that non-shaded region represents a better constraint on the σ SD in comparison to direct detection limits from PICO-60 [37] . For spinindependent σ SI , a similar comparison can be done with LUX [6] results, as illustrated in Fig. 5 .
We see that the 90% C.L. values in Figs. 4, 5 become tighter when M N decreases for a given M DM . This is because of increased N lifetime τ N , that results in a larger fraction of RH neutrinos decaying outside the photosphere. Increasing M DM , while keeping M N constant, initially leads to stronger bounds as a larger Lorentz boost γ = M DM /M N also leads to longer decay length for N . However, contours reverse and quickly drop with further increase in M DM . This is because (1) at very large DM masses the peak flux in photons becomes too energetic and moves above Fermi-LAT's energy reach; (2) the solar DM capture rate also drops at large DM mass. We note that the tightest bounds are obtained in the case that N mixes with ν τ as the τ decay also yields abundant energetic photons.
To constrain the neutrino signal, we use the 90% C.L. IceCube bound in Ref. and compare the muon event rates per volume per year for detection. The bound on σ SI , σ SD assuming DM DM→ N N annihilation channel can be obtained by scaling these scattering cross sections so that they yield the same muon event rates as the channels given in Ref. [5] . We have scaled σ SD and σ SI to obtain the same number of muons (plus antimuons) in our case. Detail of the analysis is discussed in Appendix B. The constraint contours for σ SD (Fig. 6 ) and σ SI (Fig. 7) show the value of respective cross sections that are ruled out at 90% C.L. according to IceCube's sensitivity. As we see in Fig. 6 , IceCube does much better than direct detection experiments in the case of σ SD as PICO-60 limits are much weaker. The situation is different for σ SI , see Fig. 7 , where the shaded regions are already ruled out by the LUX results [6] .
Similar to the photon case, the 90% C.L. values in Figs. 6, 7 get tighter as M N decreases for a given M DM because it leads to a longer τ N resulting in a larger fraction of RH neutrinos decaying outside the 200,000 km cut-off. However, the contours above and below the dashed line (denoting the lifetime corresponding to a characteristic radius of 200,000 km) behave differently with increasing M DM when M N is kept constant. For those above the line, a significant fraction of N decays happen inside this radius. Therefore, the bound initially gets weaker as a larger Lorentz boost in the energy of neutrinos results in more interactions with the solar medium that suppresses the neutrino signal. This reverses for larger values of M DM for which a larger fraction of RH neutrinos decay outside the 200,000 km radius. The situation is opposite for the contours below the dashed line, for which the majority N decays occur outside this radius. Increasing M DM initially results in more energetic neutrinos, and hence a stronger neutrino signal at IceCube. Further increase in M DM , however, leads to a smaller neutrino flux as a smaller number of DM particles are captured. As in Figs. 4, 5 , the tightest bounds arise in the case that N mainly mixes with ν τ because of additional neutrinos from τ decay. Interestingly, as shown by the non-shaded region in Fig. 6 , IceCube can be more stringent than LUX in constraining σ SI in this mixing scenario.
We see in Figs. 4, 6 that the 90% C.L. values from the neutrino signal on σ SD are stronger than the direct detection bounds in the entire parameter space considered here. In the case of σ SI , the photon signal sets tighter limits than direct detection experiments in a sizable region of the parameter space for DM masses up to ∼ 4000 GeV. The photon and neutrino signals combined together do better than direct detection experiments in more than half of the parameter space for the entire DM mass range 200 − 5000 GeV in the case of N − ν τ mixing. The constraints from the photon signal can be extended to even higher DM masses by future data from gamma ray observatories like HAWC [38] and DAMPE [39] , which can detect photons with higher energies than those detectable by Fermi-LAT.
V. CONCLUSIONS
In this paper, we have performed a study of indirect detection signals from solar annihilation of DM into RH neutrinos N with a mass M N ∼1-5 GeV. These RH neutrinos dominantly decay via off-shell W and Z due to their small mixing with the LH neutrinos. For DM mass M DM from 200 GeV to 5 TeV, and nominal value of mixing expected in Type-I seesaw, the RH neutrinos can have a lifetime τ N ∼1-10 s and escape the Sun before decaying. The delayed decays then give rise to a photon signal in the direction of the Sun, as well a neutrino signal that is not attenuated by absorption and scattering in the solar medium.
The strongest signals are obtained in the case that RH neutrinos produced from DM annihilation mainly mix with ν τ . Then, for M N > m τ , delayed decays of N produce taus whose decay produces more photons (due to their semileptonic decays) and neutrinos than muons and electrons. We have used the Fermi-LAT and IceCube limits on the photon and neutrino signals, respectively, in the direction of the Sun to constrain the product of the branching fraction of DM annihilation to RH neutrinos and the DM-nucleon elastic scattering cross sections at 90% C.L.
The Fermi-LAT sets stringent bounds on both σ SI and σ SD . It gives rise to significantly tighter limits on σ SI than the most stringent ones from direct detection experiments [6, 7] for DM masses from ∼ 200 GeV up to 4 TeV. The IceCube also sets limits on σ SI that are stronger than those in [6, 7] for DM masses above 4 TeV, in the case that N mixes mainly with ν τ . Both Fermi-LAT and IceCube set bounds on σ SD that are much tighter than the strongest limits from direct detection experiments [37] .
The neutrino signal from delayed decays of light RH neutrinos can probe the DM-nucleon elastic scattering cross sections for DM masses up to several TeV. This is much better than the usual scenario where neutrinos produced from solar DM annihilation are highly suppressed because of absorption and scattering in the Sun. The photon signal can also lead to stronger constraints at larger values of M DM by using data from experiments like HAWC and DAMPE that are sensitive to gamma rays with higher energies than those detectable by Fermi-LAT. The total rate of annihilation events in the Sun is given [4] as,
where C is the capture rate of DM particles by the Sun.
Here τ denote a time scale the equilibrium is established. C depends on the scattering cross sections σ SI , σ SD , and is given in Ref. [4] ,
for spin-independent and spin-depend scattering contributions respectively. The subscript index i sums over the nuclear elements in the Sun. Here {N i } denotes the nucleus of ith element, not to be confused with the RH neutrino. ρ 0.3 is the local DM halo density in units of 0.3 GeV/cm 3 , andv 270 is the average DM dispersion velocity in units of 270 km/s. m Ni denotes an element's nucleus mas in GeV. σ i is the scattering cross section off the ith element nucleus in pb. SI σ i is enhanced by the number of nucleons inside the nucleus and can be dominated by contributions from heavy elements, if abundant. For SD scattering, the only significant contribution in the Sun is from the hydrogen element. f i , F i and S are the mass fraction, kinematic suppression and form-factor suppression [40] for nucleus N i , respectively. φ i describes the distributions of the i th element. Further details and parameter values are available in Ref. [4] .
We evaluate the DM annihilation rate with DarkSusy package. For the scattering cross section in this study, σ < 10 −39 cm 2 , a minimal annihilation cross section annihilate at vσ = 10 −26 cm 3 s −1 can saturate the equilibrium condition [4] ,
After annihilation, the RH neutrino N leaves the Sun at a relativistic speed, and the N decay produces a signal flux that is mostly along the radial direction due to the high Lorentz boost. At a distance r from the center of the Sun, the decay rate over a unit volume dV ≡ 4πr 2 dr is
where c denote the speed of light, γcτ is the boosted RH neutrino decay length. The flux towards the direction of the Earth is then,
where R is the distance between the position r and the Earth, and
dEdΩ is the boosted prompt signal (in the unit of number of particles per annihilation) in the direction of the Earth, which is at an angle θ off the radial direction.
The boosted photon and neutrino spectra are numerically simulated with PYTHIA8 package. Due to the large Lorentz boost, most of the signal intensity is orientated along the radial direction. As a consequence, the integration over the source position r only needs to take account of a small cone towards the direction of the Sun. We use a cone-size of Fermi-LAT's 1.5
• observation window, which is large enough to capture the photon flux above the Fermi-LAT's 200 MeV energy threshold and the TeV DM scale mass in our analysis.
The photons that decay in the detectable energy range were compared to the solar gamma ray data in Ref. [35] . With a null-signal assumption, a likelihood can be calculated as,
where the δφ is the uncertainty in the observed gamma ray flux in [35] . As is evident in Fig. 3 , the very hard shape in the signal photon spectrum lets the last bin completely dominate χ 2 . It is thus desirable to exclude the lower-energy bins in Fermi-LAT's solar gamma ray data, and only use that of the last bin in the constraint of the photon signal rate.
First a background spectrum can be obtained by fitting to Fermi-LAT's data. Focusing on the power-law shape in the relatively high energy part of the data, the best-fit background flux is
Due to the quickly falling power-law background spectrum, the low energy bins barely contribute to the fit of DM signal significance. To maximize the strength of constraint, only the last bin is used to fit the signal, and the 90% confidence level corresponds to
in the highest energy bin. B = 12 × 10 −6 MeV cm
is the background from the fit in Eq. A7, and the measured E 2 -flux is 17 × 10 −6 MeV cm −2 s −1 . The corresponding 1σ uncertainty is δφ = 3.4 × 10 −6 MeV cm −2 s −1 . Note that the best-fit background is slightly lower than the measured data that makes the constraint more conservative than using the measured flux directly as the background. However, due to the very visible fluctuations in the high energy bins of Fermi-LAT's data, flux measurement variation of the order O(1) can be expected, which can be improved by enhanced statistics in future data and/or calibration with other experiments at high photon energies.
Appendix B: neutrino signal flux
For the neutrino signal, we focus on the delayed N decay outside the Sun and ignore attenuation effects inside the Sun. For interested readers, neutrino propagation effects and IceCube signal simulations are discussed in detail in Ref. [41] .
The neutrino source intensity calculation is similar to that of the photon signal, as is given in Eq. A5. However, due to neutrino oscillations, the relative strength of flux between different neutrino flavors changes over the distance neutrinos propagate through vacuum. For coherent oscillation, the final flavor composition after propagation over a distance L is given by
where M describes the rotation in flavor and the vacuum oscillation Hamiltonian is 
and we take the latest neutrino mass-square differences δm 2 ij and mixing parameters in the rotation matrix V from Ref. [36] . Eq. A5 can be rewritten as,
(B4) At energies above few hundred GeV, vacuum oscillation length due to the solar mass splitting becomes comparable to the distance variation between the Sun and the Earth, which is due to the Earth orbit's eccentricity. As the result, oscillatory patterns in the high energy part of the neutrino spectra are still visible as shown in Fig. 3 , after the distance average.
IceCube constraints solar DM signals by measuring upgoing muon-track events in the direction of the Sun. For discussions of muon event rates and atmospheric background calculations, see Ref. [41] and references wherein. A full analysis would require updated knowledge of energy and angular variation (towards the Sun) in the detector fiducial volume. For this analysis, we utilize IceCube's published constraint and adopt a simplified approach, that we place the limit on the RH neutrino induced signal strength by comparing the number of integrated muon track events to those from DM annihilation channels into τ ± and W ± final states, or
where the current bound on σ τ ± is given in Ref. [5] . The muon rate from N decay is calculated from the muon neutrino flux with the GENIE [42] package. For various DM masses M DM , muon event number is integrated starting from an optimized threshold energy, above which the signal strength is large enough to give statistic significance against the atmospheric background. For a few DM masses M DM = {200, 500, 1000, 2000, 5000} GeV, the respective threshold energy for contained muons are {75, 100, 150, 175, 200} GeV. These energy thresholds depend on the shape of the signal spectrum and can vary for different annihilation final states. The muon event rate for DM + DM → N N is then compared to that from a DM + DM → τ + τ − . We then fold the ratio of the muon events for these final states into Eq. B5 to derive the corresponding constraint on the DM-nucleon elastic scattering cross section in the case of DM annihilation into N . Admittedly, this is approximation to a fully experimentally-simulated τ + τ − channel's muon event rate in the direction of the Sun, yet we argue that the muon event rate ratio(s) between different signal channels are not sensitive to the details of experimental setup for high (TeV) neutrino energy much above IceCube's measurement threshold that is less than 70 GeV. We used WimpSim [43] for the neutrino fluxes in τ ± and W ± channels.
